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Two-Dimensional Conjugated Metal-Organic Frameworks with Large
Pore Apertures and High Surface Areas for NO, Selective

Chemiresistive Sensing

Pei Chen, Xi Su, Chuanzhe Wang, Guang Zhang, Ting Zhang, Gang Xu,* and Long Chen*

Abstract: The emergence of two-dimensional conjugated
metal-organic frameworks (2D ¢-MOFs) with pro-
nounced electrical properties (e.g., high conductivity)
has provided a novel platform for efficient energy
storage, sensing, and electrocatalysis. Nevertheless, the
limited availability of suitable ligands restricts the
number of available types of 2D c¢-MOFs, especially
those with large pore apertures and high surface areas
are rare. Herein, we develop two new 2D c¢-MOFs
(HIOTP-M, M=Ni, Cu) employing a large p-7 con-
jugated ligand of hexaamino-triphenyleno[2,3-b:6,7-
b":10,11-b"]tris[1,4]benzodioxin (HAOTP). Among the
reported 2D ¢-MOFs, HIOTP-Ni exhibits the largest
pore aperture of 3.3 nm and one of the highest surface
areas (up to 1300 m*’g™'). As an exemplary application,
HIOTP-Ni has been used as a chemiresistive sensing
material and displays high selective response (405 %)
and a rapid response (1.69 min) towards 10 ppm NO,
gas. This work demonstrates significant correlation link-
ing the pore aperture of 2D ¢-MOFs to their sensing
performance.
J

M etal-organic frameworks (MOFs), a flourishing family of
crystalline porous materials, are assembled via the coordina-
tion between metal ions/clusters and organic ligands.['! Due
to their tunable structures and permanent porosity, MOFs
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have shown immense potential for various applications such
as catalysis,” biosensing,”! gas storage and separation.!”
However, their insulating property results in moderate
performance for electrochemical applications.””! Two-dimen-
sional conjugated MOFs (2D ¢-MOFs) possess high elec-
trical conductivities due to the extended in-plane d-n
conjugation among the metal ions and ligands, generating
graphene-like structures while inheriting the permanent
porosities of traditional MOFs.[! These materials with high
intrinsic charge mobility deliver more opportunities for
energy storage, electrocatalysis, chemiresistive sensing, etc.”
Despite their promising achievements, the types of 2D c-
MOFs are currently limited by the availability of suitable
ligands. Generally, the organic ligands for 2D ¢-MOFs are
mainly comprised of Cy-®! C,-! and Cg-symmetric!” units
containing ortho-substituted coordination sites (OH, NH,,
SH), and their sizes greatly influence the pore apertures of
2D ¢-MOFs. For example, with the ligand size increasing
from HAB,®™ to HATP®Y! and HAHATN,®™ the corre-
sponding 2D ¢-MOFs showcase aperture sizes of 8 A, 15 A
and 27 A, respectively. (Scheme 1a). Nonetheless, most of
ligands were produced through formulaic synthetic methods,
such as HATPPY and HATI® were synthesized via
Buchwald-Hartwig coupling reactions and following by
hydrolysis reactions, and thus may not be atom-economical.
Therefore, developing new organic ligands with alternative
synthetic procedures is highly desirable and challenging.
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Scheme 1. a) The reported C;-symmetric organic ligands with amino
groups and pore sizes of the corresponding 2D ¢-MOFs. b) Our new
Cs-symmetric organic ligand with extended p-7 conjugation and the

large pore apertures of HIOTP-M.
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Recently, 2D ¢-MOFs have been employed in chemir-
esistive sensing due to their extraordinary properties that
can enhance the surface reactions and adsorptions of gas
molecules."! In contrast to carbon-based nanomaterials,!'”
hybrid materials,®! and semiconducting metal oxides,™ 2D
¢-MOF-based chemiresistive sensors exhibit high selectivity
and can operate at room temperature. Normally, the
detection process of chemiresistive sensors relies on the
transduction of surface reactions into electrical signals i.e.
resistances, conductance.'"” However, 2D ¢-MOFs always
show moderate response values and long response time due
to their relatively few accessible active sites and low mass
transport efficiency, which is highly influenced by the pore
size, surface area, particle size and morphology of
materials.'® Therefore, developing 2D c-MOFs with suitable
pore apertures, high surface areas, and robust adaptability is
essential for practical applications in chemiresistive sensing.

Herein, we designed and newly synthesized hexaamino-
triphenyleno[2,3-b:6,7-b":10,11-b"]tris[1,4]-benzodioxin
(HAOTP), a larger extended organic ligand through
nucleophilic substitution and nitro-reduction reactions, to
fabricate two new 2D ¢-MOFs (HIOTP-M, M =Ni, Cu). To
the best of our knowledge, HIOTP-Ni represents one of the
highest surface areas (up to 1300 m*g™") and the largest pore
apertures (3.3 nm) among reported 2D ¢-MOFs (Scheme 1b,
Figure 2). HEEDear author please mention Figure 1 ahead
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Figure 2. The plot of BET surface area against pore size in
some typical 2D ¢-MOFs.
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Figure 2HEM Significantly, the HIOTP-Ni-based chemire-
sistive sensor displayed high sensitivity, selectivity, and rapid
response toward 10 ppm NO,. Based on the comparisons,
we conclude that both the pore aperture impact the sensor
performance.

HAOTP was unambiguously characterized by solution
nuclear magnetic resonance (NMR) spectroscopy and high
resolution mass spectrometry (HR-MS, Figures S1, S2, and
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Figure 1. a) Schematic representation of the synthesis procedure and structure. b) FT-IR spectra of HAOTP, HIOTP-Ni, and HIOTP-Cu.
c) Simulated and experimental PXRD patterns for HIOTP-M. d) Experimental and Pawley fitted PXRD patterns of HIOTP-Ni. e) N, sorption
isotherm of HIOTP-Ni at 77 K (inset: pore width distribution).
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S3). The stable hydrochloride salt of HAOTP was reacted
with metal nitrates under basic conditions to produce
HIOTP-M (Figure la, see Supporting Information for
synthetic details). HIOTP-M were characterized by Fourier
transform infrared (FT-IR) spectroscopy (Figure 1b). The
broad signal at 3240 cm ™' was attributed to N-H stretching
vibrations of the amino groups from the ligand HAOTP,
while the signal at 536 cm™' was attributed to the coordina-
tion bond between the amino nitrogen and metal ions,!'”)
confirming the successful coordination between HAOTP
and metal ions.

The crystalline structures of HIOTP-M were character-
ized by powder X-ray diffraction (PXRD) analysis. The
PXRD patterns of both MOFs were almost identical,
exhibiting strong diffraction peaks at 2.70°, 4.65°, 5.40° and
27.20°, which could be assigned to the (100), (110), (200),
and (001) facets, respectively. Both AA and AB stacking
models were constructed using Materials Studio software to
reveal the packing structures of the as-prepared MOFs
(Figures S4 and S5). The simulated PXRD patterns of the
AA-stacking frameworks fitted better with the experimental
ones (Figure 1c). Pawley refinement provided the cell
parameters of HIOTP-Ni as follows: a=b=37.90 A, c=
328 A, a=p=90°, y=120° in P6/MMM space group, with
small R,, and R, of 1.97 % and 1.64 %, respectively (Fig-
ure 1d). Similarly, the unit cell parameters of HIOTP-Cu
were: a=b=3817 A, c=3.34 A, a=$=90°, y=120° in P6/
MMM space group, with reasonable R,, and R, of 3.11%
and 2.50 %, respectively (Figure S6).

The permanent porosities of HIOTP-M were estimated
by nitrogen sorption measurements at 77 K. The sorption
isotherms of both HIOTP-Ni and HIOTP-Cu exhibited
typical type-IV characteristics (Figure le and Figure S7).
Remarkably, the Brunauer-Emmett-Teller (BET) surface
areas of HIOTP-Ni and HIOTP-Cu were calculated to be
1300 and 935m’g™', respectively (Figure S8). HIOTP-Ni
exhibited a narrow pore size distribution centered at 3.3 nm
as calculated by nonlocal density functional theory
(NLDFT), consistent with the theoretical value (3.3 nm)
based on the AA-stacking model (Figure 1le). As a compar-
ison, we summarized the BET surface areas and pore sizes
of some representative 2D ¢-MOFs reported before (Fig-
ure 2 and Table S1). Notably, HIOTP-M possess the largest
pore apertures among the reported 2D ¢-MOFs, and the
BET surface area of HIOTP-Ni is higher than that of most
reported 2D ¢-MOFs, except for Cu;HHTT, reported by
Dinci and co-workers.*!

The thermal stabilities of HIOTP-M were evaluated by
thermosgravimetric analysis (TGA, Figures S9 and S10).
HIOTP-Ni and HIOTP-Cu retained 90 % of their initial
mass up to 314 and 198°C, respectively. The morphologies
of HIOTP-M were characterized using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM, Figures S11, S12, S13, and S14). The clear lattice
fringes in high-resolution TEM image further proved the
crystalline feature of HIOTP-Ni (Figure S12b). X-ray photo-
electron spectroscopy (XPS) analysis of HIOTP-M revealed
the presence of C, N, O, and metal ions (Figures S15 and
S17). The high-resolution spectra of C 1s, O 1s, and N 1s for
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both MOFs exhibited similar characteristics (Figures S16
and S18). Moreover, both the XPS spectra of N 1s
showcased only one type of N existed in the frameworks,
indicating that HIOTP-M were neutral and no cationic or
anionic ions (NH,*, Cl") were present. The XPS spectrum
of Ni 2p for HIOTP-Ni exhibited a dominant peak
belonging to Ni’* at approximately 855.8eV. The XPS
spectrum of Cu 2p for HIOTP-Cu displayed two distinct
peaks at about 935.1 and 932.9 eV, indicating the co-
existence of both Cu** and Cu™.

The ultraviolet-visible-near infrared (UV/Vis-NIR) spec-
tra of HIOTP-Ni and HIOTP-Cu exhibited notable absorp-
tion at 1087 and 1056 nm, respectively (Figures S20a and
S21a). The band gaps of HIOTP-Ni and HIOTP-Cu were
calculated to be 1.16 and 1.40 eV, respectively, using the
Tauc plot method (Figures S20b and S21b). The ultraviolet
photoelectron spectroscopy (UPS) results revealed that the
HOMO of HIOTP-Ni and HIOTP-Cu was —5.25 and
—5.91 eV, respectively, indicating that HIOTP-Ni is more
prone to losing electrons (Figure S19, Table S2). The
electrical conductivities of HIOTP-M were measured under
ambient conditions through the two-point probe method on
a pressed pellet. HIOTP-Ni and HIOTP-Cu exhibited
modest electrical conductivities of 4.07x107° and 4.75x
107 Sm™, respectively (Figures S22 and S23). To further
confirm the charge transport ability of HIOTP-M, an iodine
doping experiment was performed. lodine-doped HIOTP-Ni
and iodine-doped HIOTP-Cu displayed an enhancement in
electrical conductivities to 8.0x10™* and 6.7x10™*Sm™,
respectively (Figures S24 and S25). Furthermore, variable-
temperature conductivity measurements from 273 to 313 K
revealed the thermally-activated charge transport capability
of HIOTP-M, indicating their typical semiconducting behav-
ior (Figures S26-S29).

Benefiting from their large pore apertures, high surface
areas, and potential mass transport efficiency, HIOTP-M
were used for chemiresistive sensing and tested in a home-
made sensing system.'®! We initially investigated the re-
sponse of HIOTP-M-based chemiresistive sensors to differ-
ent gases and volatile organic compounds (VOCs) at a
concentration of 100 ppm. Remarkably, HIOTP-Ni showed
a much higher response to nitrogen dioxide (NO,) gas than
other test gases, indicating its excellent selectivity towards
NO, gas (Figure 3a). In contrast, HIOTP-Cu displayed no
significant responses to any test gas, despite its superior
response to NO, gas compared to other gases (Figures S30
and S31).

We evaluated the sensitivity of HIOTP-Ni towards NO,
across the concentration range of 1-100 ppm, and the
obtained current curve demonstrated good response-recov-
ery performance (Figure 3b). Following this, we conducted
five consecutive response-recycle processes of HIOTP-Ni
under 10 ppm NO,, which revealed only 1.3% of the
coefficient of variation (CV), thereby confirming the good
response repeatability (Figure 3c). The average response of
HIOTP-Ni towards 10 ppm NO, was calculated to be 405 %.
Furthermore, the log-log plots of response-concentration of
HIOTP-Ni towards NO, showcased good linearity (R*=
0.98) within the range of 1-100 ppm.

© 2023 Wiley-VCH GmbH
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Figure 3. Gas-sensing performances of the devices at room temper-
ature. a) Response ability toward different gas of HIOTP-Ni (b)
Dynamic response curves of HIOTP-Ni toward 1-100 ppm NO,.

c) Response-recycle toward 10 ppm NO, of HIOTP-Ni. d) Linear
relationship of response vs. NO, concentration of HIOTP-Ni. e) Nor-
rmalized response-recovery time curves for HIOTP-Ni to 10 ppm NO,.
f) Stability of HIOTP-Ni to 100 ppm NO, within 10 days.

Additionally, the theoretical limit of detection (LOD)
was calculated to be 0.21 ppm (Figure 3d), which was lower
than that of all 2D ¢-MOF powders and their composite
materials (Tables S3 and S4).

We further evaluated the response time (f., the time
required for increasing the current to 90 % of the maximum
value) and recovery time (Z., the time required for
decreasing the maximum current value to its 10%) of
HIOTP-Ni upon exposure to 10 ppm NO, and dry synthetic
air, respectively (Figure 3e). The calculated values of ¢, and
tr.. for HIOTP-Ni were 1.69 and 10.32 min, respectively. To
make a direct comparison, we synthesized two well-known
2D ¢-MOFs Ni(HIB), and Ni;(HITP), which were reported
to have smaller pore apertures and lower surface areas
compared to HIOTP-Ni (Figure S32). We tested their
sensing performance such as the response value, f,., and ¢,
towards 100 ppm NO, (Figures S33 and S34). We found that
Ni;(HIB), and Niy(HITP), showcased lower response of
138 % and 71 %, respectively, longer response time of 2.73
and 2.25 min, respectively, and the both disablility of
recovery at room temperature. Based on the experimental
NO, sensing results of these 2D ¢-MOFs, as well as their
large pore structures and high surface areas, we speculate
that the diffusion rate of NO, inside the material, i.e., the
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mass transport efficiency, plays an important role in NO,
sensing.

Furthermore, we compared with other MOFs-based
chemiresistive sensors, which tested at room temperature in
the dark without heating or illumination. The response value
and response time of HIOTP-Ni were superior than that of
all 2D ¢-MOF powders and some other MOF composite
materials, respectively (Tables S3 and S4). No obvious
changes in response were observed after 10 days, demon-
strating that HIOTP-Ni holds a good long-term stability
(Figure 3f). In addition, PXRD and N, sorption measure-
ments exhibited the preserved crystal structure and porosity
of HIOTP-Ni, respectively, indicating its high stability after
the NO, sensing test (Figures S35 and S36).

To gain further insights into the high selective sensing
performance of HIOTP-Ni towards NO,, DFT calculations
were conducted. The adsorption energy (E,q) between the
Ni center of HIOTP-Ni and four different gas molecules
(e.g., NO,, ammonia (NHj;), carbon dioxide (CO,), and
acetone) were computed (Figure S37 and Table S5). The
simulated results indicated that the Ni center of HIOTP-Ni
had the largest E,; of —0.590eV to NO, among all gas
molecules, supporting the high selectivity of HIOTP-Ni
towards NO,. Similarly, the E,; between the Cu metal sites
of HIOTP-Cu and NO, was calculated (Figure S38 and
Table S6). Apart from its higher surface area and electrical
conductivity, the slightly larger adsorption energy of
HIOTP-Ni toward NO, may also contribute to its better
response ability in comparison with HIOTP-Cu.

The adsorption of NO, on HIOTP-Ni was further
confirmed by XPS analysis. Upon exposure of HIOTP-Ni to
NO,, a new peak of N 1s was observed at the binding energy
of 406.7 eV (Figure 4a), indicating the coordination of NO,
molecules to the Ni center, and the peak of Ni 2p also
changed (Figure 4b and Figure $39)."! Based on the DFT
calculations, XPS, and experimental results, a possible NO,
sensing process of HIOTP-Ni was proposed (Figure 4c):
HIOTP-Ni-based chemiresistive sensor can rapidly adsorb
NO, and donate electrons, leading to an increase of hole

B b Ni 2p 856.3 ev\
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@ @ [NO, exposed 855.8 ev. \'V
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Figure 4. XPS spectra of a) N 1s b) Ni 2p range of HIOTP-Ni before
and after NO, exposure. c) the gas sensor and the possible sensing
process of HIOTP-Ni for NO,.
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concentration in HIOTP-Ni and a subsequent change in
electrical conductivity.”! Consequently, upon NO, removal
from HIOTP-Ni, the trapped electrons can be released back
to the framework, leading to the current recovery of the
Sensor.

In summary, we have successfully developed two novel
2D ¢-MOFs (HIOTP-M, M=Ni, Cu) based on an elabo-
rately designed ligand (HAOTP) with extended conjugation.
Among reported 2D c-MOFs, HIOTP-Ni exhibits one of the
highest surface areas (up to 1300 m’g™") and the largest pore
apertures of 3.3nm. Owing to its porosity and electrical
conductivity, the HIOTP-Ni-based chemiresistive sensor
showcases high selective response (405 %) toward 10 ppm
NO, gas, a rapid response (1.69 min), and mild recovery
conditions, indicating its robust adaptability to the practical
operating environment for NO, detection. The current work
not only stimulates the development of novel 2D ¢-MOFs
with larger pore apertures and higher surface areas but also
provides new insights into applying 2D ¢-MOFs in diverse
electronic devices. Furthermore, due to their increased
active surface area and highly exposed active sites, 2D c-
MOFs thin films show good performance in gas sensing.'!
Therefore, we are currently focusing on developing high-
quality HIOTP-Ni MOF thin films toward better sensing
devices.
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Two-Dimensional Conjugated Metal-Organ-  yoitial current

ic Frameworks with Large Pore Apertures

and High Surface Areas for NO, Selective Two new two-dimensional conjugated 3.3 nm and a high surface area of
Chemiresistive Sensin 2 metal-organic frameworks (2D ¢-MOFs) 1300 m’g™". As a result, it has excep-
& were synthesized via coordination of a tional performance as a chemiresistive

new ligand (HAOTP) with metal ions sensor, with a highly selective (405 %)
(Ni** and Cu®"). The resulting HIOTP-  and rapid response (1.69 min) towards
Ni MOF has a large pore aperture of 10 ppm NO, gas.
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